ABSTRACT A hybrid combining technique is one of the hot topics in the diversity research field because of the excellent overall performance compared with pure combining techniques. A hybrid maximal-ratio-based switch-and-stay combining (M-SSTC) scheme, for dual-branch systems, is proposed in this paper to enhance the existing SSTC-type combining techniques. According to this paper, the problem of the available solutions is that they are valid only when both the branches are poor, leading the performance gain very limited. Thus, we make an attempt to adopt the maximal-ratio combining technique to overcome this disadvantage. By designing reasonable switching logic, M-SSTC can improve the performance of the diversity system as much as possible while keeping its complexity in a low level. Based on the Markovian property of the M-SSTC's output state sequences, the outage probability performance of M-SSTC is analyzed, and the closed-form expression is also presented. Finally, simulation results validate the theoretical results and show the advantages of M-SSTC over the available schemes.
I. INTRODUCTION
Due to the significant effect of combating channel fading in wireless networks, diversity combining has been an important issue that researchers focus on [1] , [2] . In the past few years, about four pure combining techniques are developed: maximal-ratio combining (MRC), equal-gain combining (EGC), selection combining (SC) and threshold-switched combining (TSC) [2] , [3] . Particularly, MRC always outputs the weighted sum of all the co-phased diversity branches. All things considered, MRC is the optimal combining scheme, but comes at the cost of the most complexity as it requires all channel fading parameters. To reduce the complexity, EGC merely outputs the co-phased sum of all diversity branches. Due to avoiding the estimation of the fading amplitudes, EGC is clearly a simpler combining scheme and, meanwhile, has some performance penalty compared with MRC. For further reducing the complexity, SC simply picks out the best one of all diversity branches. Surely, SC has the lower complexity than the two former combining schemes for processing only one diversity branch, yet at the price of worse performance because it ignores all the other diversity branches. And the last one, i. e., TSC, chooses the first diversity branch when its signal-to-noise ratio (SNR) is higher than a given threshold and then switched to another one if the SNR of current branch falls down the threshold. Thus it can be seen that TSC estimates only one diversity branch in most cases, rendering itself the simplest one among the four pure combining schemes, but unfortunately with the greatest loss in performance at the same time.
As mentioned above, although all the pure combining techniques (i.e., MRC, EGC, SC and TSC) achieve the diversity gain, they can not balance the diversity gain against the implementation simplicity, and thus reducing their practicality in actual communication systems. Therefore, hybrid combining techniques [4] - [9] emerged as a promising way to balance the tradeoff between performance and complexity. Recently, as green communication becomes the mainstream, the effective integration of TSC with other combining techniques has been increasingly used in a communication system. This method is helpful to improve the performance of the communication system as much as possible, while maintaining it in a low-complexity.
A useful attempt about the integration of TSC and SC for dual-branch systems has been done in [8] (i.e., SSTC), which alternates SC to improve the performance of TSC systems just when the received SNR of the current path falls below a preset threshold. Unfortunately, it can offer only a limited performance gain because SSTC, compared with TSC, merely takes effect in the case when both paths are poor. The proposers of SSTC further generalize it into a unified window-based switch/selection combining (WSSTC) in [9] , wherein two thresholds A and B (B < A) are preset for a switching decision. The switching rule is that SC is only adopted when the estimated SNR of current branch falls between A and B, and alternatively the diversity system works in the same way as TSC. However, the performance obtained by WSSTC is still less-than-desirable, as its major contribution lies in providing more configuration parameters and greater flexibility in engineering application. Recently, SSTC is further extended to diversity-rich environments in [10] (i.e., SSTC-MB), but it just enlarges the application range of the technique and the problem mentioned above still exists.
For illustrative purposes, the techniques related to SSTC mentioned above are collectively called SSTC-type combining techniques. According to our research, SSTC-type combining techniques are basically equivalent to pure TSC for dual-branch scenario. The two approaches differ only in that SSTC-type picks out the relative good branch just in the case when both the diversity branches are poor, leading the performance improvement of diversity systems very limited. On the other hand, it is important to note that there is a little chance that both branches are simultaneously in deep fading, then we could imagine that the shortcoming of SSTC-type combining techniques would be largely overcome if MRC is introduced (when switching condition is met). With careful analysis, we design the combining strategy as: the receiver runs in TSC mode until its SNR falls below a preset threshold, and then switches to MRC mode, and further turns to TSC mode through SC technique if any one of the two branches is in good quality. The main idea of the design is to use MRC to enhance the SSTC-type techniques, so we name it maximal-ratio based switch-and-stay combining (abbreviated as M-SSTC). The key to M-SSTC is that TSC is used in most cases to maintain the system complexity in a low level while adopting MRC (only when absolutely necessary) to improve the performance, and then the system switches to TSC mode as quickly as possible by SC.
In the rest of this paper, the strategy model of M-SSTC is firstly established. And then, we analyze the outage probability performance and obtain its closed-form expression based on its Markovian property. Finally, simulation results verify our theoretical analysis and show that the proposed scheme has the advantages of both performance improvement and implementation flexibility compared to the available schemes.
II. COMBINING STRATEGY
Consider a dual-branch diversity combining system, in which both the channels are subject to independent identically distributed (i.i.d.) flat slow Rayleigh fading with expected SNR valuer, and assume that the receiver makes a switching decision based on a preset threshold at every discrete-time instant t = nT , where n is an integer and T is usually in the order of channel coherent time. For the sake of convenience and clarity, we just use discrete time index n below and may further omit it under the premise of no ambiguity.
The detailed operation mode of M-SSTC is illustrated in Fig. 1 , where b i , i ∈ {1, 2} represents i-th branch and its corresponding received SNR is r i . According to the design idea described in the previous section, the output states of M-SSTC combiner can be divided into two categories: C 1 {s i , i = 1, 2} representing that only the corresponding i-th branch is used and C 2 {s MRC } representing that both the branches are simultaneously used with MRC. To facilitate mathematical analyses below, we further subdivide the s MRC in C 2 into three states s j , j = 3, 4, 5, corresponding to s 1 , s 2 , s MRC switching to s MRC respectively. Therefore, the output of M-SSTC combiner can finally be subdivided into five states as S {s i , i = 1, 2, 3, 4, 5}. It is necessary, in practice, to set up a flag F for the current time instant to indicate which category the system state belongs to at the immediately previous instant, with F = 0, 1 denoting C 1 , C 2 , respectively. We can initialize F = 1 for convenience in engineering. Then for an arbitrary instant n, as shown in Fig. 1 , under the condition of F = 0, M-SSTC system will stay in the same branch as the immediately previous instant and hold F = 0 until the received SNR falls down the preset threshold , and then turn to state s MRC (meanwhile setting F = 1 ). On the other hand, for F = 1, M-SSTC system will run in the state s MRC and hold F = 1 except for selecting the stronger one as long as either of the two branches is above the preset threshold (meanwhile setting F = 0).
III. PERFORMANCE ANALYSIS
To simplify the expression, we define K {1, 2,3, 4, 5}. Let r c (n) be the combiner's output SNR and then, based on VOLUME 5, 2017 the proposed combining strategy, the sequence {r c (n)} can be mathematically formulated as switch r c (n − 1)
It is easy to see that the proposed M-SSTC system, under the presumed channel conditions, satisfies the Markovian property and its output SNRs can be modeled as a stationary Markov chain with the five states R = {r i , i ∈ K }, corresponding to the S {s i , i = 1, 2, 3, 4, 5} which is analyzed earlier. Let p k,m denote the state transition probability from r k to r m , where k, m ∈ K . According to the combining strategy shown in (1), p 1,m and p 2,m can be easily calculated as
where η = exp( − /r ) (same as below). The derivations of p 3,m , p 4,m and p 5,m are more involved, although they are equal to each other through our careful analysis. Thus, we take p 5,m as an example to acquire the results. Obviously, state r 5 cannot switch to r 3 and r 4 directly, leading to
We further notice that p 5,m switches to itself only when the both diversity branches are below the preset threshold , hence we can calculate as
Then, due to the channel symmetry assumption above, p 5,1 and p 5,2 must be equal to each other, so
Given the above, we have
Consequently, the transition probability matrix can be attained as
Let = (λ 1 , λ 2 , λ 3 , λ 4 , λ 5 ) be the stationary distribution of M-SSTC system, i.e., λ l = lim n→∞ Pr(r c (n) = r l ), l ∈ K , and we can establish the following linear equations [14, eq. (4.7)]
Substituting (7) into (8) and lettingη = 1 + η − η 2 , the stationary probability distribution, i.e., the state selection probabilities, can be solved as
According to the well-known total probability theorem [14, eq. (1.8)], the outage probability of r c (n) can be written as
where step (a) follows from the symmetry of r 1 (·) and r 2 (·). Then, based on the proposed combing rule above and with the support of the result of in (9), (10) can be further rewritten as
Pr {r 1 (n) ≤ and r 1 (n) + r 2 (n) ≤ r}
Firstly, 1 can be easily calculated as
Secondly, we consider 2 . We can calculate by integrating the joint probability density function (PDF) of r 1 (·) and r 2 (·) (i.e., the product of the each PDF for the independence assumption above) over the region of integration given by its expression in (11)
Thirdly, we consider 3 . Note that the events in this case are no longer independent of each other, so it is very difficult to calculate 3 directly. However, with careful analysis, we find our combining strategy in this case is just equivalent to the MS-GSC scheme [15] in dual-branch environments. Hence, with the help of [15, eq. (24)], we have
Finally, plugging (12), (13) , (14) into (11), the final expression of P out (r) can be obtained as
IV. NUMERICAL RESULTS
In this section, we present numerical results to validate the previous analyses of the proposed combining scheme. Without loss of generality, we assume that the variance of AWGN is equal to 1. Fig. 2 depicts the outage performance of M-SSTC with four different thresholds ( = 1, −3, −7, −11 dB) respectively, in which the variances of both branches are set as 1. Apparently, the simulation matches the analysis result very much, and the performance of M-SSTC is affected by the different preset thresholds, revealing that it can be adjust easily to fit more communication systems. For more comprehensive view of M-SSTC, some comparisons with the available combining schemes mentioned in the literatures are made in detail below.
Then, we make a comparison between M-SSTC and the pure combining techniques in Fig. 3 withr = 1 . Since the performance of EGC is quite close to that of MRC [16, Ch. 5 .7], we just choose MRC, SC and TSC here, for brevity. It is clear that M-SSTC has significantly better performance than TSC at either of the thresholds (i.e., = −2, 0 dB). We also note that, M-SSTC outperforms very much in performance compared with SC for the low area of outage threshold, although they have approximately the same performance level for the high area. On the contrary, MRC is a little beyond M-SSTC in the high range of outage threshold, while the outage probability of the M-SSTC is merged with that of the MRC when the outage threshold is low. Above all, M-SSTS has the near-optimal trade-off among the pure techniques.
In Fig. 4 , the outage performance of M-SSTC compared to the SSTC and WSSTC is illustrated withr = 1. We consider two different threshold values ( = −3, 1 dB) and threshold windows (being set as [ − 4, ]), respectively. It is shown that M-SSTC outperforms both SSTC and WSSTC. Particularly, we find that WSSTC has no advantage over SSTC in outage performance. Furthermore, WSSTC has some contradictions in diversity performance, for instance, WSSTC with = 1 dB performs better than that with = −3 dB in the low range of outage threshold (below −3 dB), but it is just the opposite in the high range of outage threshold (above −3 dB). This problem may lead to being inconvenient when WSSTC is applied, which in turn shows the performance advantage of M-SSTC.
Next, we study the performance feature versusr for some useful insight into the M-SSTC scheme. As shown in Fig. 5 , we set threshold value as = 0 dB and threshold window as [ − 5, ] , and selectr = 1, 7 respectively. Obviously, M-SSTC improves the outage performance of both SSTC and WSSTC for the differentrs. It is also noted that WSSTC does worse than SSTC in the low range of outage threshold (similar with Fig. 4) , so we can conclude that WSSTC does not improve the performance of SSTC yet. Of course, WSSTC provides the SSTC-type scheme flexibility of the application (i.e., more configuration parameters). Finally, the complexity advantage of M-SSTC is shown in Fig. 6 with two different thresholds ( = −3, 5 dB) respectively. We plot the statistics of the times of comparison (for making switch among the various output states) per data burst, as they are closely related to the estimation complexity and power consumption. It is clear that M-SSTC outperforms both SSTC and WSSTC. This is because if the current branch becomes poor under the TSC mode, M-SSTC will switch to MRC mode immediately, whereas the other two schemes will run more complex operations to choose a switch-to mode.
V. CONCLUSION
A novel M-SSTC scheme for dual-branch wireless scenarios is proposed and well designed in this paper, which has the advantages of both higher performance and lower complexity than the previous proposals. Based on the Markovian property of the combiners output sequence, its output performance is investigated. Then, the numerical results validate the theoretical analyses. In conclusion, M-SSTC is very attractive for practical communication systems and has broad application prospects. 
